anesthetized with 30 mg/kg pentobarbital sodium given intravenously. Blood coagulation was prevented by the intravenous administration of a Mepesulfate solution (approximately 40 mg/kg). Additional pentobarbital and Mepesulfate were subsequently injected as needed.
The trachea, left external jugular vein, and carotid artery were exposed and the chest opened in either the 4th or the 5th left intercostal space. The pericardium WAS opened and secured by sutures to the adjoining ribs, thus elevating the heart to a position for optimal access to the left descending coronary artery; this was dissected out as close to its origin as possible. The left carotid artery and the coronary artery were cannulated and blood flow re-established through a rubber tube. Coronary flow was kept constant by passing the tube thi-ough an adjustable fingerpump. Two pressure transducers, inserted into the rubber tube before and after the finger-pump, allowed the adjustment of perfusion so that coronary pressure was similar to systemic arterial blood pi-essure. The coronary flows ranged between 17 and 44 ml/min. The contractile force of the right heart was recorded from a strain gage sewed onto the right ventricle. For acceleration of the heart rate a pair of electrodes was attached to the right atrium.
The radioactive potassium was infused at a constant rate at a site jiist distal to the fingerpump. In each experiment between 30 and 60 lid of K 42 were infused per hour, the total amounts varying according to the duration of infusion (table 3) . The infusion volume per minute was between 0.4 ml and 0.S ml, thus adding 1% to 2% to the coronary flow. On discontinuation of the infusion this amount was not replaced. A probe scintillation counter was focused upon the perfusion area to record continuously the radioactivity of the heart. The counts were recorded by a system giving continuously the number of counts/min accumulated in the monitored field.
Blood samples were taken from the carotidcoronary bypass at points on either side of the place of K 42 infusion. From these, hematocrits were determined by tho method of Guest and Siler, 9 and potassium concentration of the plasma was measured with a Baird flame photometer, internally standardized with lithium. Radioactivity of the plasma was determined in a well scintillation counter.
At the termination of the experiment the heart was excised and weighed, and representative samples of its various tissues were analyzed to determine the distribution and magnitude of the radioactivity and the total potassium content, using flame photometer and well scintillation counter.
Corrections of all measurements of radioactivity were made for the decay of K 42 to time 0 of each experiment (start of infusion of K 42 ). It should be noted that a well scintillation counter was used for the determination of specific activities of plasma and tissues, whereas a probe scintillation counter was used for the monitoring of radioactivity of the heart during the experiment. The geometrical arrangement of the radioactivo source with respect to the crystal to be activated in the two sensing devices is different.
Results

THE DYNAMICS OF POTASSIUM EXCHANGE IN VIVO: THEORY OF THE METHOD AND EXPERIMENTAL SUPPORT
The constant infusion of K 42 into the constant blood supply of the descending branch of the left coronary artery, resulting in a constant specific activity (for potassium) of the coronary arterial plasma, leads to a characteristic buildup of radioactivity in the heart muscle as shown in figure 1 , curve A, dotted line. After the infusion of K 42 is discontinued (at 39 minutes in fig. 1 ), the radioactivity falls as potassium is washed out of the heart ( fig. 1, curve B) . The radioactivity entering the heart during infusion of K 42 is listed in table 1, column 2, as specific activity (SA) of the coronary arterial plasma. Determinations of the SA of plasma in the general circulation show a slow increase during infusion of Iv 42 into the coronary circulation. The maximal value should be that given in column 3 of table 1, determined immediately after discontinuation of the infusion. The actual counts/ min of 1 ce plasma at this time ranged from 400 to 1180 counts/min above the background counts in our Avell counter, which were around 320 counts/min. A similar radioactivity was present in the plasma at the end of the experiment.
To test the distribution of radioactivity in the perfused and nonperfused areas of the heart, specific activities (SA) of the different parts of the heart were determined in several experiments after the buildup and washout of K 42 had been observed for two to two and one-half hours ( The tissues not supplied with the highly radioactive blood, namely, the atria and posterior walls of the ventricles, uniformly show the lowest SA of the heart. This was 2.7% to 6.2% of the areas of the highest SA found in the individual heart. The similarity of the SA of atria and posterior wall of the ventricles (columns 4, 5, and 10) and the SA of plasma outside the perfusion area (column 3) listed in table 1 is noteworthy. These specific activities give an idea of the magnitude of the slowly rising background radioactivity influencing our measurements. This influence is small. The cardiac tissues with the highest SA are found in the anterior wall and sometimes the apex of the left ventricle. The tissues of the anterior wall of the right ventricle and the interventricular septum, which we assume also to be in our perfusion area, show consistently less SA than the left ventricular samples (23% to 57% of the latter). The values of specific activities of plasma and different cardiac tissues listed in table 1 are based on chemical determinations of potassium and radioactivity counted in a well scintillation counter. On the other hand, changes of radioactivity of the heart during buildup and washout as presented in figure 1 are monitored with a probe scintillation counter. Since the efficiencies of the two systems are different we cannot use the specific activi- assumptions necessary to evaluate buildup and washout: the radioactivitj r monitored by the probe reflects a constant fraction of the radioactivity contained in the heart depending on the distance of the probe from the heart surface and the area of high specific activity. The tissues outside the perfusion area contribute a maximum of 2.7% to 6.2% to the monitored radioactivity. We know further that the specific activitj' of the plasma after the infusion of K 42 has been discontinued is low. Assuming a near equilibrium between extracellular space and p]asma and the fast exchange of potassium between extracellular space and plasma as measured in the dog heai't and confirmed in this stud}", the return of K 42 to the intracellular space during washout should be negligible. Figure 1 , curve B, and figure 2 show the decreasing radioactivity of the dog heart after discontinuation of K 42 infusion: the washout. On the semilog plot these washout curves become linear after a short period of a steeper fall. Figure 2 shows three washout experiments (no. 6, 43, 44) in which the decrease of the radioactivity was observed for 60, 75, and 75 minutes, respective^. Five to 15 minutes after the infusion of radioactivity was discontinued, the faster disappearance of K 42 was completed, and the washout continued to be linear. Subtracting the extrapolated linear washout from the actually observed radioactivity (Y) during the first minutes, gives the values plotted as crosses in figure 2 . These A'alues of a faster potassium exchange show a linear relationship too. The half-time of the rapidly exchanging compartment ranges between less than 1 minute and 5.2 minutes, whereas the half-time of the slower compartment averages 88 minutes (table 2) . The relative size of the two compartments was estimated by comparing the total radioactivity at the time when K 42 infusion was discontinued (time 0 for washout) with the intercept of the linear slow washout. "We used Huxley's 10 equations to estimate the difference between the extrapolated content of radioactivity of the slower compartment with the actual one. The actual size is as a mean 0.96 of the extrapolated. Table 2 gives the relative size of the intracellular potassium compartment: 91% to 98.2% (mean 95.4%) of the labeled potassium is found to be intracellular at time 0 for washout. In other words, only an average of 4.6% represents the labeled potassium contained in the fast compartment.
Because of the close agreement of the actual and the extrapolated intraeellular K 42 compartment and the negligible return of K 42 from the plasma during washout we used the slope of the slow K 42 washout (k) as a reasonable estimate of the fraction of K 42 leaving the intracellular space in outward direction per unit time. Listed in table 2 are the rate constants of 19 experiments, and, calculated on the basis of rate constant and potassium concentration of the heart, the efflux of potassium in mEq/kg heart per minute of the same experiments. Individual hearts differed with respect to the slow rate constant, the range being 0.006 (expt. no. 40) to 0.0097 (expt. no. 15). This difference is not correlated with the differences in mean coronary perfusion pressure (last column of table 2). A similar correlation with coronary flow is not possible because the perfusion area varies from experiment to experiment. 
Y is the constant slow rate of K 42 uptake (count/min per min) ; it should be smaller than the actually observed initial rate of K 42 uptake which is indeed the case (table 3, columns 4 and 5). Solving equation 1 for the experiment demonstrated in figure 1 shows that Y becomes constant after 10 minutes. The circled curve in figure 1, A, gives the slow K 42 uptake. The triangles in figure 1 , A, demonstrate a Y curve calculated with one exponential term when Yu is assumed to be equal to the observed initial rate of K 42 xiptake. It is clear that uptake as well as washout show two compartments and that the Y curves observed after 5 to 15 minutes fit a single exponential function. The equilibrium radioactivity (Y E ) is reached when the specific activities of all compartments are equal. Assuming that this takes place at infinite time, e~*' in equation 1 becomes 0. Therefore: Table 3 contains the duration of K 42 infusion of the individual experiments and the per cent of the radioactivity equilibrium reached at discontinuation of the K 42 infusion. Influx of potassium is a function of the rate of uptake of Iv 42 related to the tissue weight and the specific activity of the capillary plasma. The plasma specific activity determined in this study cannot be used for this calculation as pointed out earlier. An estimate of a change in influx, however, is possible using the calculated change in the rate of uptake since the specific activity of the plasma is held constant. Such an estimate is presented under heading: Effect of Change in Heart Rate on Exchange Rates of Potassium.
INFLUENCE OF CORONARY FLOW ON THE SLOW K' 2 EXCHANGE
Coronary flow was changed during washout in three experiments (no. 57, 58, 59) starting in each with a different perfusion pressure (table 2). Including the original coronary flow, six different flows were tested in each experiment. The flows ranged between 16.5 and 72 ml/min. The duration of each flow change was 10 minutes in experiment no. 57 and 15 minutes in experiments no. 58 and 59.
The rate constants for efflux and the concomitant coronary flows are plotted in the upper graph of figure 3. The overall change in the exchange rate was small, but the highest coronary flows were accompanied consistently by the highest rate of efflux. The regression coefficients for the individual experiments (0.00026; 0.00024; 0.00017) are not significantly different from zero whereas the overall regression coefficient of all 18 observations (broken line in fig. 3 ) is 0.00030 per 10 ml/min coronary flow change, which is different from zero (P = 0.05). In all three experiments the first change of flow was an increase from 27 to 32.5 ml/min, 28 to 39 ml/ min, and 38.5 to 49 ml/min. In all instances the exchange rate of potassium was decreased by this initial increase in flow: -.0006, -.0003, and -.0006, respectively.
The lower graph of figure 3 shows the pressure-flow relationship in our perfusion area in one experiment (no. 57). This relationship, as in both other experiments, is linear. The zero intercept of the pressure-flow curve was at 30 mm Hg. In four other experiments where coronary flow was interrupted for a short period of time-to measure the critical closing pressure in our perfusion area, this pressure ranged between 11 and 27 mm Hg.
EFFECT OF CHANGE IN HEART RATE ON EXCHANGE RATES OF POTASSIUM
In 10 dogs the basal heart rate was increased by driving the atria with short supramaximal square-wave shocks as indicated in table 4. The basal heart rate ranged around 130 beats/min and the driven heart rates exceeded 204. In all 10 experiments the heart rate was increased for five-minute periods during the buildup of radioactivity in the heart. We always started the acceleration 25 or more minutes after the start of K 42 infusion in order to avoid the influence of the rapidly exchanging uptake. In seven of these animals heart rate was increased for five-minute periods during washout too, again waiting at least 25 minutes after discontinuation of the infusion. The increase of heart rate usually caused an increase in contractile force (range 0 to 64%) and a decrease in coronary perfusion pressure of 16.3 mm Hg (range 7 to 37). Since coronary flow is kept constant, the fall of perfusion pressure corresponds to decreased coronary vascular resistance. In all instances, increase in heart rate caused an increase of the rate of K 42 uptake during buildup and an increase of the K 42 exchange rate Effect of change in heart rate on buildup (left graph) and washout (right graph) of K* * .
during washout. A representative experiment is shown in figure 4 . The constant rate of K 42 uptake (slow uptake) and the changes of this rate produced by increase in heart rate during buildup are listed in table 4. The last column of this table contains the changes in estimated efflux observed per 100 heart beats. An increase of heart rate of 74 to 120 beats/rain above the basal heart rate caused an average increase of efflux of 1.65 /xEq K + /kg heart per beat. In figure 5 the estimated fluxes in both directions are plotted in mBq/kg per minute against the heart rate at which they were obtained. The estimate of uptake (upper part, fig. 5 ) is based on the previous observation 1 ' 2 that the potassium content of the dog heart under our experimental conditions is well balanced which indicates the similarity of influx and efflux. The changes in uptake produced by the increase in heart rate are calciliated from the rate of K 42 uptake before and during stimulation; the specific activity of the arterial plasma stays constant (coronary flow and K infusion constant). It is clear that in all experiments flux was higher at the higher heart rate. Moreover, as is already evident from table 2, there is an appreciable variation between the fluxes of the individual hearts. The two arrows on the ordinate indicate the average zero heart beat intercept of the flux curves (0.516 mEq/kg per minute for influx; 0.548 for efflux).
Discussion
The infusion of radioactive potassium with constant specific activity into a small area of the dog heart, and the monitoring of the buildup and washout of radioactivity in the heart from the surface permit the calculation of exchange rates of this ion in both directions. We have to assess how far these excbauge rates resemble the real ones.
The high specific aetivitjr of the blood in the vascular bed of the perfusion area is decreased at least 20 times after leaving the heart. An estimate of this dilution is given by the comparison of columns 2 and 3 of table 1 : the SA of the coronary artery plasma during and shortly after the end of the infusion of IC 42 . The difference in the SA of the parts of the heart perfused and not perfused in our system (table 1) indicates the maximal amount (2.7% to 6.2%) that the background activity in the area sampled by the probe contributes to the calculated efflux.
The SA of the front walls of the i-ight and left ventricles (both supplied from our per- fusiou system) differ in most experiments (ratios 0.2 to 0.5). In studies of the isolated blood-perfused dog heart, AVood and Conn 8 found the right ventricle to approach equilibrium of specific activity more slowly than the left, the ratio of the two SA'S being 0.79; they assumed that this was due to the known difference in blood flow.
111 ' u In our experiments the difference in relative blood flow in these areas cannot account for the lower ratios, because changes in coronary flow alter the exchange rates to a much smaller extent (see below), and the SA of the arterial blood stays the same; the resulting SA in both areas therefore, ought to be similar, unless one postulates different exchange rates for right and left ventricular musculature. A more likely explanation is that a dilution of the specific activity of the arterial blood takes place in our experiments. This would be with blood from collateral circulation originating from other branches of coronary arteries than the anterior descending branch. (This circumstance did not exist in Wood1 and Conn's work.) Chansky and LeA'y" found evidence for such collateral circulation. The exchange rates obtained with our methods would not be changed so long as the contribution of the collateral circulation stays the same. A change in the collateral circulation is likely, however, when we change heart rate or coronary flow. This change would influence only the buildup of radioactivity, during Avhich time perfusion blood and collateral blood have different specific activities, whereas during washout the low specific activity of the perfusion blood and the systemic blood is the same. We cannot estimate accurately the possible effect of a change in collateral circulation during buildup. In relation to the field sampled by the probe, the size of the area of the left venti'icle which is supplied exclusively by the descending branch, and the high specific activity of this area (table 1, columns 8 and 9), suggest that this influence cannot be great.
In all experiments we found two rates of exchange and these were similar in buildup and in washout. We have observed the rate of outgo of K 42 up to 75 minutes; since this
Circulation licncarali, Volume XUl, October IOCS time is shorter than the half-time of the slow compartment we cannot safely rule out a further still slower compartment. The rapid compartment occupies around 4% of the total labeled potassium. At equilibrium of specific activity the extracellular space (assuming this to occupy 28% s of the volume) would contain only 1.3% of the total radioactivity. At 50% of equilibration it would contain 2.6%, at 25% of equilibration it would contain 5.2%. The equilibration reached in our experiments was between 15% and 56% (table 3, column 3). The rapidly exchanging compartment is therefore similar in size to the extracellular compartment. Conn and Robertson 7 found a similar relation in bloodperfused dog hearts. In saline-perfused guinea pig hearts with similar observation periods, on the other hand, Schreiber et al. s found a rapidly exchanging compartment occupying 40% to 88% of the total potassium pool, the size of this compartment being dependent on the duration of K 42 infusion. This dependence does not exist in our blood-perfused hearts.
The exchange rates we obtained during washout are approximately half of the ones reported by Wood and Conn 8 and are like the slow exchange rates of Schreiber et al. 5 in guinea pig hearts. The variation of the exchange rates from experiment to experiment cannot be accounted for by difference in basal heart rate (table 4, column 2), coronary perfusion pressure (compare columns 5 and 7, table 2), or coronary flow. The influence of coronary flow had to be studied in separate experiments since the size of the perfusion area varies from experiment to experiment and the determination of a relative flow is not possible. Changes in coronary flow influenced the rate constants for efflux only very little. This is an important indication that the major resistance to potassium flux is between intracellular and extracellular space and not between extracellular space and plasma. 8 We observed, however, that the first increase in coronary flow (and concomitant increase in perfusion pressure) caused a slight reduction of the exchange rate in all three experiments.
GRTJPP
The possibility exists 16 that the increase in perfusion pressure after a well-established steady state increased the extracellular volume.
The estimate of potassium efflux is based on the assumption that the slow exchange rate of the washout experiments represents only the transport of K 42 from inside the cell to the outside. How valid is this assumption t The relative size of the rapidly exchanging compartment is very small compared with the intracellnlar compartment (table 2 and other  investigators; 7 -s ) its influence on the slow exchange rate becomes negligible after 5 to 15 minutes ( fig. 2) . The exchange between extracellular space and plasma is rapid (table  2) . Changes in coronary flow have little influence on the exchange rate ( fig. 3) . The body is an effective sink for the infused K 42 : The specific activity of the arterial plasma is low after the K 42 infusion is discontinued (table 1). The contribution of radioactivity of tissues outside the perfusion area to the total radioactivity monitored by the probe is maximally 2.6% to 6.2%. For all these reasons the efflux A'alues calculated from the K 42 exchange rates and the tissue concentration of potassium are a low estimate of real efflux; the difference between the two is small.
The estimated efflux of potassium in 19 experiments at an average heart rate of 130 beats/min is 0.675 mBq/kg wet heart weight per minute. . Considering the close potassium balance of the blood-perfused dog heart 1 ' 2 ' 7tS influx is of the same order. Increase in heart rate caused an increase of the fluxes in both directions. Efflux was increased by 1.65 juEq/kg per added heart beat. The increase of influx was smaller. This may be due to an increased collateral blood supply Avith low specific activity during cardiac acceleration (decreased perfusion pressure within the perfused area). The same event would not occur during washout, because the specific activities of the perfusion blood and the collateral blood are the same.
Jt is of interest to note that in figure 5 the linear extrapolation of the difference between flux at higher heart rate and flux at normal rate intercepts zero heart rate at an efflux of 0.548 mEq/kg per min. This could represent an estimate of the potassium efflux of the resting dog heart 8 if the increase in flux during cardiac acceleration is proportional to the number of beats added.
Summary
Coronary perfusion with constant flow and constant specific activity permitted an estimate of the transmembrane fluxes of potassium in both directions in the dog heart in situ. The determination of efflux was based on the washout characteristics. Perfusion pressure and coronary flow Avithin the limits studied haA' e little influence on efflux. The estimate of influx involved correction of experimental data using the efflux from the same experiment and is therefore less accurate; it is subject to changes due to alterations in collateral blood supply of the perfusion area. The efflux A'aries by 50% from heart to heart, averaging 0.68 mEq K + /kg and rain at an aA'erage heart rate of 130 beats/min. Changes in heart rate reA'eal that 1.65 ju.Eq K + /kg are exchanged per beat above the resting flux of the nonbeating heart; the latter was estimated bj' extrapolation to be 0.55 mEq K + /kg and min.
